Microglia are resident immune cells within the central nervous system (CNS). They become activated following neurological insults and increase their expression of cytokines. Also elevated in CNS injuries are proteases, including matrix metalloproteinases (MMPs) and A disintegrin and metalloproteinases (ADAMs). The spectrum of metalloproteinase members expressed by microglia and by the systemic leukocytes that infiltrate the injured CNS is unknown, as are their functions. We determined the levels of transcripts encoding all 24 MMPs, nine ADAMs, and their four physiological antagonists, tissue inhibitor of metalloproteinases (TIMPs), in human microglia, B and T cells, monocytes, and neutrophils. We found a distinct pattern for each immune subset and an enrichment of metalloproteinases in microglia compared with leukocytes. When microglia were activated, there was an upregulation of transcripts for nine metalloproteinases, and reduction of TIMP3. Activation of microglia also resulted in increased levels of tumor necrosis factor (TNF)-a, interleukin (IL)-1b, and IL-10 protein in the conditioned media of cells. The amount of secreted TNF-a, but not IL-1b or IL-10, was suppressed by BB94, a broad spectrum metalloproteinase inhibitor, and by TIMP3 but not TIMP1 or TIMP2. This inhibitory profile suggests the involvement of an ADAM member in TNF-a secretion. We conclude that microglia bear a metalloproteinase signature distinct from systemic cells, and that following activation, microglia upregulate TNF-a protein levels through a combination of elevated cytokine transcripts, increased metalloproteinase level and activity, and through the decrease of TIMP3. The results have implications for the regulation of neuroinflammation and its outcomes following CNS injuries.
INTRODUCTION
Microglia are resident immune cells within the central nervous system (CNS). In the uninjured adult brain, they are highly dynamic surveyors that continually send and retract processes into the local environment (Nimmerjahn et al., 2005) . Microglia respond rapidly to all types of injuries to the CNS by becoming activated (Kreutzberg, 1996; Streit et al., 1999) . In this regard, they change their morphology from ramified to large round cells resembling macrophages. They proliferate and become more motile, they phagocytose cellular debris, and they produce a number of cytokines including tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), and IL-10 (Becher et al., 2000; Buttini et al., 1994; Chabot and Yong, 2000; Kreutzberg, 1996; Streit et al., 1999) . The full spectrum of microglia activity imparts complex outcomes on the integrity of the CNS. While the persistent activation of microglia and the elaboration of a range of molecules are thought to be detrimental, some microglial responses such as the production of neurotrophic factors and removal of toxic products (Batchelor et al., 1999; Simard et al., 2006 ) may serve to limit injury and enhance repair. Understanding microglial activity and controlling their actions can have an important consequence on the recovery of the nervous system.
The metalloproteinase subfamilies of matrix metalloproteinases (MMPs) and A disintegrin and metalloproteinases (ADAMs) are proteolytic enzymes that are promptly expressed and elevated following all types of insults to the CNS (Cunningham et al., 2005; Yong, 2005; Yong et al., 2001; Zhao et al., 2006) . There are 24 MMP members that are secreted or membrane-bound, and all have metalloproteinase activity. Of the 32 human membrane-associated ADAMs, many are restricted to the testes and only about half the family have the HExxHxxGxxH catalytic core required for metalloproteinase activity. There are only nine ADAMs that have both a broad tissue distribution and the capacity to be proteolytically active (Blobel, 2005) . The activity of metalloproteinases is inhibited principally by the four physiological tissue inhibitors of metalloprotei-nases (TIMPs). For the most part, each of the TIMPs can inhibit MMPs, although TIMP1 cannot block the membrane-type MMPs effectively (Baker et al., 2002) . Selectivity for ADAMs is more pronounced: TIMP3 is the only inhibitor of ADAM17 (Amour et al., 1998) , but cannot inhibit ADAM8 and ADAM9 (Amour et al., 2002) ; while TIMP1 and TIMP3 can also inhibit ADAM10 (Amour et al., 2000) .
As with microglia actions, the functions of MMPs and ADAMs are complex and they not only have proinflammatory and neurotoxic properties but also reparative ones (Cunningham et al., 2005; Yong, 2005; Zhao et al., 2006) . These differential functions are likely due to their cleavage of extracellular matrix proteins, growth factors, cytokines, chemokines, adhesion molecules, and cell surface receptors (McCawley and Matrisian, 2001) . For example, TNF-a is actually synthesized as pro-TNF-a (26 kDa) that is converted by metalloproteinase activity to the mature 17 kDa cytokine TNF-a (Black et al., 1997; Moss et al., 1997) .
In the adult CNS, most MMPs are expressed at low or undetectable levels, but several become upregulated in neurological diseases, such as multiple sclerosis, malignant glioma, and stroke (reviewed in Yong et al., 2001) . The sources of the increase in MMP and ADAM members in response to an insult within the CNS are likely multiple, and they include neural cells as well as leukocytes that have infiltrated into the CNS. A systematic comparison of the relative capacity of different cell types to express the full spectrum of MMP and ADAM family members is nonexistent. In particular, a comparison between microglia and their systemic counterparts in immunity, leukocytes, is lacking. This is important since all these cell types mediate inflammatory responses within the CNS in response to an insult, and the roles of MMPs produced by these different cell types in modulating immune responses need clarification.
In this study, we have profiled all 24 MMP members and nine ADAMs expressed by microglia and leukocyte subsets. We found distinct profiles of metalloproteinases for each inflammatory cell subset, and the relative expression of metalloproteinase transcripts was higher in microglia compared with all systemic leukocyte subsets. Following activation, the levels of mRNA for many MMPs and ADAMs are further elevated in microglia. By using inhibitors, it was found that metalloproteinase activity has important roles in the regulation of levels of TNF-a in microglia. These results provide a mechanistic link between metalloproteinase activity and the activation of microglia that leads to the generation of inflammatory cytokines.
MATERIALS AND METHODS Cultures
Microglia were derived from adult human brain tissue obtained at surgical resection to treat intractable epilepsy. These were tissues that were adjacent to, but did not encompass, the epileptic focus in cortical areas or in the hippocampus, and they comprise material that had to be resected enroute to the epileptic focus. In previous work, we had described that microglia so obtained were not different from microglia derived from other neural pathologies or from normal brain (Williams et al., 1992) . We have also not found any obvious differences in the microglia characteristics in culture when these are obtained from different areas of the CNS. In addition, adult microglia are comparable to microglia obtained from fetal human brain with respect to their production of inflammatory cytokines (Chabot et al., 2002; Giuliani et al., 2005) .
Microglia from human adult brain were derived using methods that were previously published (Chabot and Yong, 2000; Williams et al., 1992) . In brief, fragmented brain tissue was incubated with 0.25% trypsin and 100 lg/mL DNase for 1 h at 37°C, and dissociated into single cells by forcing them through a mesh of 130 lm pore size. Following centrifugation through 30% Percoll, which allowed myelin, debris, and red blood cells to be separated from viable neural cells, the latter cell layer was removed, centrifuged, washed, and plated into T-25 uncoated flasks. Feeding medium was 10% fetal bovine serum in minimum essential medium supplemented with 0.5% dextrose. Microglia from adult human brain are very adherent cells, as opposed to other cell types (e.g. oligodendrocyte), on uncoated flasks. Thus, one day after plating, floating cells were removed to leave behind adherent microglia. The latter was removed by retrypsinization 2-3 days after, replated, and experiments (see below) were then initiated 1-2 days following replating. The purity of microglia was typically in excess of 95%, as evaluated using markers such as CD11b and Iba1 (Fig. 1) .
In experiments to obtain microglia RNA, 500,000 cells were seeded per well of a six-well plate. In experiments to collect conditioned media for cytokine protein analyses, 5,000 microglia cells were seeded per well of a 96-well plate. The initial seeding medium consisted of minimum essential medium supplemented with 10% fetal bovine serum. After 24 h, the serum containing medium was removed and cells were fed with serum-free AIM-V medium (Invitrogen Life Technologies). Lipopolysaccharide (LPS, 100 ng/mL) was added to activate microglia, and RNA or conditioned medium was obtained 24 h later. In experiments using TIMPs (Chemicon) or BB94 (British Biotech), a broad spectrum metalloproteinase inhibitor, these were applied 30 min before LPS. For RNA analysis, cells were harvested into Trizol (Invitrogen Life Technologies). For determinations of protein levels of cytokines the conditioned medium was removed after 24 h.
Peripheral blood mononuclear cells (PBMCs) were collected from healthy human volunteers in accordance with the McGill Ethical Review Board and sorted into B cell (CD191), T cell (CD31), and monocyte (CD141) cell populations as described previously (Bar-Or et al., 2003) . The purity of monocytes, B cell, and T cell preparations was routinely >97%.
Neutrophils were isolated from healthy human donors by dextran sedimentation, hypotonic lysis of erythrocytes, and density centrifugation on Histopaque 1077 (Patel and McEver, 1997) . The granulocyte fractions were greater than 95% neutrophils, as assessed by Kimura staining.
Reverse Transcription, Real Time PCR
One microgram of total RNA was reverse transcribed using 2 lg random hexamers and 200 units of Superscript II reverse transcriptase (Invitrogen Life Technologies), according to the supplier's instructions. Quantitative PCR (qPCR) reactions were done, as previously described , with each reaction containing 5 ng of reverse transcribed RNA in 25 lL reaction volume. Sequences for primers and probes are described elsewhere (Elkington et al., 2005; Nuttall et al., 2003) . To determine the relative RNA levels within the samples, standard curves for the PCR reaction were prepared by using the cDNA from one sample and making twofold serial dilutions covering the range equivalent to 20-0.625 ng of RNA; for 18S analyses, the range was 4-0.125 ng.
To determine relative expression levels between genes, the cycle threshold (C T ) at which amplification entered the exponential phase was determined and this number was used as an indicator of the amount of target RNA in each tissue, i.e., a lower C T indicated a higher quantity of starting RNA.
Clustering of genes and cell samples was done using Gene Cluster version 3.0 and TreeView (Eisen et al., 1998) . Relative expression levels of each gene (normalized to 18S rRNA) across all samples were adjusted by log transforming the data, then median centering, followed by normalization; sample data across genes were not adjusted. Hierarchical clustering of both genes and samples was done using average linkage clustering of Spearman rank correlations. A heat map of relative expression based on this clustering was done using TreeView.
To determine if LPS significantly changed RNA levels within microglia cells, analyses were done using the relative expression levels normalized to 18S rRNA. Each adult human preparation provided enough microglia for only a limited number of analyses so four separate microglia sources were used, with each treated either with LPS (100 ng/mL) or were left untreated as controls. A paired t-test was then performed between the control and LPS group of each microglia preparation across the four sets and a P-value <0.05 was considered significant.
Enzyme Linked-Immuno Sorbent Assay
Enzyme Linked-Immuno Sorbent Assay (ELISAs) for TNF-a, IL-1b, and IL-10 were performed using commercially available kits (Biosource International). Group differences were analyzed by one-way ANOVA followed by Tukey's multiple comparison. Each experiment for cytokine protein analysis was reproduced across three sets of microglia donors.
RESULTS

Transcripts for MMPs and ADAMs Are Enriched in Microglia Compared with Leukocyte Subset
Metalloproteinase mRNA profiles by real time PCR were obtained from cells under basal culture condition. These involved four specimens each of microglia and neutrophils, nine samples of monocytes, and 10 specimens each of B and T cells. To compare the relative expression of individual genes in microglia and leukocytes, we classified the mean C T values of each gene as a range from ''very high expression'' to ''not detected'' (Fig. 2) . For the most part, microglial cells produce transcripts for all MMPs at much higher levels than circulating leukocytes, with the exceptions being MMP11, which is higher in B cells; MMP17, which is higher in monocytes, T cells, and B cells; and MMP25, which is higher in monocytes and neutrophils. Microglia and peripheral leukocytes produce mRNA for all ADAMs, with the exception of ADAM33, which is not detected in any cell type. ADAM9, ADAM12, and ADAM28 transcripts are highest in microglia. While all cell types produce TIMP1 and TIMP2 transcripts at high levels, TIMP3 and TIMP4 are highest in microglial cells. Fig. 1 . Adult human microglia in culture. Cells were labeled using the Iba1 marker, which marks monocytoid cells, and were counterstained for nuclei with Hoescht stain. Most cells were double positive. Note that while some microglia are still rounded and undifferentiated, some have extended processes representative of ramified microglia. We counted the number of Iba1-positive cells across four wells to obtain the purity of microglia in culture. An average of 150 cells was evaluated per well. The purity of adult human microglia was (100 6 0.5)% (mean 6 SEM).
While classifying gene expression based on C T allows one to compare levels of one gene with another, the broad and arbitrary values assigned to each group makes precise comparison of gene levels between samples difficult. Therefore, the C T data were converted to quantitative relative expression levels using standard curves and these data were normalized to 18S rRNA levels. These expression data were analyzed by hierarchical clustering of both samples and genes (Fig. 3) . Individual cell types clustered into distinct groups based on metalloproteinase and TIMP expression, with B cells being closely related to T cells, while microglial cells are distantly related to the neutrophils and the monocytes. Similar to the C T analysis, microglial cells are characterized by high expression of several MPs and TIMPs. 
LPS Activation of Microglia Changes the mRNA Expression of Several MMPs and ADAMs
The LPS activation of microglia resulted in a significant increase in the mRNA levels of MMP1, 3, 8, 10, and 12 (Fig. 4A) . The rise of MMP7, 13, 14, and 19 transcript levels was near level of significance after LPS treatment (Fig. 4A) . In contrast, MMP15 and ADAM15 mRNA levels were reduced in microglia following activation, while values for MMP2, 16, and 21, and for ADAM12 were decreased by treatment but did not attain significance (Fig. 4B) . RNA levels of eight MMPs and six ADAMs were unchanged by LPS activation (Supplemental Fig. 1 ), while levels of MMP20, MMP26, and ADAM33 were not detected following LPS activation, similar to the untreated samples.
With respect to endogenous MP inhibitors, LPS significantly increased the mRNA levels of TIMP1, but decreased the levels of TIMP3; TIMP2 mRNA level decreased in three of the four microglial preparations, while TIMP4 was elevated in three of the four preparations (Fig. 5) .
Activation of Microglia with LPS Increases Protein Secretion of TNF-a, IL-1b, and IL-10
Microglial activation is characterized by increased production of cytokines. Using ELISA, TNF-a and IL-10 were Fig. 3 . Microglia have a gene expression signature of MMP and ADAM distinct from peripheral leukocytes. Relative expression levels of each gene (normalized to 18S rRNA) across all samples were adjusted by log transforming the data, and then median centering followed by normalization. Adjusted values within individual cells were clustered (average linkage of Spearman's rank correlation) by both gene and sample, with black being the median, red representing the samples above the median, and green representing values below the median (see legend). The white color indicates genes that were not detected in the indicated sample. Samples are in columns and gene levels are in rows. Samples include B cells from 10 donors (B-1 to B-10), T cells (T) from 10 subjects, microglia (Mcr) from four surgical specimens (highlighted in red), neutrophils (Ne) from four volunteers, and monocytes (Mo) from nine donors. Fig. 4 . The microglial mRNA levels of several MMPs and ADAMs change in response to LPS. A: Genes whose RNA levels increased in response to LPS; B: Genes whose RNA levels decreased in response to LPS. The y-axis for each gene is the relative mRNA levels normalized to 18S rRNA levels, and are arbitrary units. The data points on the left of each graph are relative expression levels of four unstimulated microglia samples (CON 5 controls), points on the right are the paired samples following LPS stimulation. Shown are those genes whose levels significantly change (paired t-test), or whose levels change in three of four sample pairs. *P < 0.05; **P < 0.01; P-values for genes that did not change significantly are shown. Genes whose levels do not change are in Supplemental Figure 1. virtually undetected in the conditioned medium of untreated microglia, but were substantially elevated by LPS treatment. IL-1b protein, detectable in the conditioned medium of control cells, was elevated by twofold following LPS stimulation.
Because the level of TNF-a protein in the conditioned medium of cultured cells reflects several events (Black et al., 1997; Idriss and Naismith, 2000; Moss et al., 1997) including elevation of transcript level; translation of transcript to pro-TNF-a protein, which becomes membrane associated; and then conversion of pro-TNF-a to secreted TNF-a, we examined whether cytokine transcripts were also altered by LPS treatment of microglia. Figure 6B shows that LPS activation resulted in an increase of only TNF-a and IL-1b mRNA levels, while transcripts for IL-10 were either unchanged or, paradoxically, suppressed in two of the four microglia preparations. Thus, the changes in cytokine protein levels (Fig. 6A ) of microglia following LPS treatment were not necessarily matched by concurrent changes in cellular RNA levels.
Metalloproteinase Inhibitors Decrease Levels of TNF-a, but not IL-1b or IL-10 Protein
To test the involvement of metalloproteinases in regulating the levels of soluble cytokines, microglia were activated with LPS in the absence or presence of BB94, a broad-spectrum metalloproteinase inhibitor. Levels of secreted TNFa protein were reduced as BB94 amounts were increased, yet this inhibitor had no effect on the protein levels of IL1b or IL-10 (Fig. 7) . BB94 did not affect the RNA levels of TNF-a, IL-1b, or IL-10 (data not shown), indicating that BB94 acted only at the level of regulating the amount of secreted TNF-a.
To further characterize the metalloproteinase subtype(s) involved in regulating TNF-a levels, microglial cells were exposed to exogenous TIMPs. In basal conditions, none of the TIMPs had a detectable effect on TNF-a protein level measured in the conditioned medium of control cells. However, when microglia were activated by LPS, the increase in TNF-a protein levels was selectively suppressed by TIMP3 but not by TIMP1 or TIMP2 (Fig. 8) .
DISCUSSION
Microglia are resident immune cells in the CNS. In the normal state, they have important roles in maintaining homeostasis of the CNS through their continual surveillance of the brain microenvironment (Kreutzberg, 1996; Nimmerjahn et al., 2005) . In pathologies of the CNS, activation of microglia occurs (Becher et al., 2000; Kim and de Vellis, 2005; Kreutzberg, 1996; Ladeby et al., 2005; Streit et al., 1999) ; the activated cell undergoes morphological changes, proliferates, becomes motile, and produces a number of cytokines and chemokines. Among the cytokines generated during microglial activation are TNF-a, IL-1b, and IL-10 (Chabot and Yong, 2000) ; TNF-a and IL-1b are proinflammatory cytokines which augment the immune response while IL-10 may have regulatory roles. It is thus important to identify factors that regulate microglia activation and their production of cytokines as the persistent rise of proinflammatory molecules within the CNS is likely to lead to detrimental outcomes.
Besides microglia-regulated neuroinflammation, the infiltration of systemic leukocytes is a consistent occurrence in CNS injuries. As these leukocytes bring inflammatory molecules into the CNS in addition to activating microglia (Chabot and Yong, 2000; Chabot et al., 2002; Giuliani et al., 2005) , mechanisms that regulate the trafficking of leukocytes into the CNS are important to unravel. Given the vital role of metalloproteinases in regulating leukocyte transmigration across vessels in general (D'Haese et al., 2000; Lanone et al., 2002; Shipley et al., 1996) , we measured levels of metalloproteinases expressed in peripheral immune cells and compared these to amounts in microglia; all cell types for this purpose were in basal culture conditions without any obvious activation stimulus. We find that microglia are distinguished by higher expression levels of mRNA for multiple metalloproteinases and TIMP3. Many of these genes are unique to microglia (MMP3, 10, 12, 13, and 16) while several are highest in microglia, but also expressed to varying degrees in other cell types. Fig. 5 . The microglial mRNA levels of TIMPs change in response to LPS. The y-axis for each gene is the relative mRNA levels normalized to 18S rRNA levels, and are arbitrary units. The data points on the left of each graph are relative expression levels of four unstimulated microglia samples (CON 5 controls), points on the right are the paired samples following LPS stimulation. Data were analyzed by paired t-test; * 5 P < 0.05; P-values for genes that did not change significantly are shown.
Apart from enrichment of metalloproteinases in microglia, comparisons of a number of immune cell types reveal other noteworthy expression patterns. MMP8 transcript shows the highest expression in neutrophils, consistent with its alternate name of neutrophil collagenase. However, microglia also express this gene, and its mRNA level is elevated during activation. This gene is also elevated in the CNS of mice afflicted with a neuroinflammatory condition, experimental autoimmune encephalomyelitis (ToftHansen et al., 2004; Weaver et al., 2005) . Also notable is the higher expression of transcripts for ADAMs in inflammatory cells compared with lower expression of MMPs. This might reflect the role of ADAMs as ectodomain sheddases, where they are known to cleave TNF-a, TNF receptors, epidermal growth factor receptors, amyloid precursor protein, and L-selectin (Blobel, 2005) .
In a previous comparison of B cells, T cells, and monocytes, we showed that a number of MMPs are enriched in monocytes (Bar-Or et al., 2003) . Here, we show that transcripts for MMPs are even more enriched in neutrophils and microglia. When metalloproteinase expression levels are used to cluster samples according to type, microglia are most closely related to neutrophils, followed by monocytes, with B and T cells in their own distinct cluster. This may reflect the shared lineage of these immune cells, with microglia, neutrophils, and monocytes deriving from myeloid progenitor cells and B and T cells from lymphoid progenitor cells.
The functions of metalloproteinases within immune cell subsets are likely to be multiple and complex (Parks et al., 2004) . Given the enrichment of metalloproteinases in microglia compared with other immune subsets, and given our desire to understand mechanisms that regulate cytokine production in microglia, we examined whether metalloproteinases could regulate cytokine levels in microglia. We used LPS to activate microglia, which led to an increase in 11 protease/inhibitor genes and a reduction in eight others. Microglia activation by LPS also resulted in an increase of TNF-a transcripts and the secreted form of TNF-a protein. Unlike the ILs, this elevation requires metalloproteinase activity, since BB94, a broad spectrum protease inhibitor, and TIMP3 both suppress its increase. ADAM17 is the best studied protease in the generation of the secreted form of TNF-a and has the alternate name of TNF-a converting enzyme, or TACE (Black et al., 1997; Moss et al., 1997) . However, ADAM9, ADAM10, and ADAM19 (Chesneau et al., 2003; Roghani et al., 1999; Rosendahl et al., 1997) can elevate TNF-a in vitro, although in mice lacking or overexpressing these sheddases, ADAM17 and ADAM19 are the only ones capable of Fig. 6 . Protein levels of TNF-a, IL-1b, and IL-10 increase in the conditioned media of microglial cells following stimulation with LPS. A: Protein levels for TNF-a, IL-1b, and IL-10 were determined by ELISA. Shown is one representative experiment, where each bar is the mean 6 SEM of protein levels from three different wells. This result was reproduced in two other microglia samples. B: RNA levels for TNF-a, IL-1b, and IL-10 in paired microglial cells from four subjects were determined by quantitative PCR. The y-axis for each gene is the relative mRNA levels normalized to 18S rRNA levels, and are arbitrary units. *P < 0.05; **P < 0.01 compared with controls.
producing the mature form of TNF-a (Zheng et al., 2004) . Our observation that TIMP3, but not TIMP1 or TIMP2, block TNF-a processing during microglia activation supports the hypothesis that this is due to either ADAM17 or ADAM19, since ADAM10 is also inhibited by TIMP1 (Amour et al., 2000) , while ADAM9 is not blocked by TIMP3 (Amour et al., 2002) . Interestingly, the mechanism Fig. 8 . Protein levels of TNF-a in conditioned media of activated microglia are reduced by TIMP3 (C) but not TIMP1 (A) or TIMP2 (B). Shown is one representative experiment where each bar is the mean 6 SEM of TNF-a protein level (pg/mL) from three different wells. Note that TIMP1, 2, and 3 by themselves did not affect basal TNF-a levels. Data were analyzed by one-way ANOVA followed by Tukey's multiple comparison. Compared with LPS group: *P < 0.05; *** P < 0.001. This result was reproduced in two other sets of microglia cultures. Fig. 7 . Protein levels in conditioned media of TNF-a (A), but not IL1b (B) or IL-10 (C), are affected by the metalloproteinase inhibitor BB94. Protein levels for cytokines were determined by ELISA. Shown is one representative experiment where each bar is the mean 6 SEM of protein levels from three different wells. Data was analyzed by one-way ANOVA followed by Tukey's multiple comparison. Compared with LPS group: *P < 0.05; **P < 0.01; ***P < 0.001. This result was reproduced in two other sets of microglia cultures.
by which LPS stimulation leads to elevated TNF-a levels in the culture medium involves increased RNA levels of TNF-a and decreased expression of TIMP3, but without affecting the RNA levels of ADAM17 or ADAM19.
The metalloproteinase response can differ depending on the immune subset being activated. In monocytederived macrophages, LPS activation resulted in an increase in the RNA levels of eight genes, six of which (MMPs 1, 3, 7, 10, 12, and TIMP1) were also elevated in microglia (Elkington et al., 2005) . However, MMP2 and ADAM19 were elevated only in monocyte-derived-macrophages, while MMPs 13, 14, and 19 were elevated only in microglia. As for the genes suppressed by LPS, ADAM12, ADAM15, and TIMP3 were reduced in both cells types, while MMPs 2, 15, 16, 21, and TIMP2 were reduced only in microglia. This comparison emphasizes the fact that a shared activating stimulus can have different effects depending on the responsive cell type.
LPS activation in microglia led not only to elevated RNA and protein levels of TNF-a, but also increased amounts of IL-1b and IL-10 proteins detected in the culture medium. However, TNF-a was the only one whose protein levels were affected by the metalloproteinase inhibitors. This is likely due to findings that in other immune cell types, IL1b is processed by caspase-1 (also called IL-1b converting enzyme, or ICE) and caspase-5, which are both cysteine proteases (Burns et al., 2003) . IL-10, on the other hand, is not processed by any protease and is produced and secreted as an active cytokine (Hsu et al., 1990 ). While we have not completely determined the mechanisms by which LPS elevates secreted IL-1b and IL-10 proteins, our results do suggest that IL-1b is being regulated partly at the RNA level, while IL-10 is likely regulated post-transcriptionally.
The enrichment of metalloproteinases in microglia deserves further comments on their functions apart from the regulation of cytokine levels. Microglia are highly motile cells in the normal CNS and in response to injury (Nimmerjahn et al., 2005) . The well described role of metalloproteinases in regulating cellular motility (Sternlicht and Werb, 2001) , and the elevated expression of metalloproteinases in microglia that our results show, may underlie the high motility of microglia in CNS pathology. Furthermore, the persistence and survival of activated microglia in CNS pathologies may be related to the reduced TIMP3 upon cellular activation, since TIMP3 can induce apoptosis of many cell types (Baker et al., 1998) . Overall, the high expression of many metalloproteinases in microglia invites further investigation of their mechanistic interactions.
In summary, this study reveals that microglia bear a metalloproteinase signature that is more abundant and distinct from systemic leukocytes. Following activation, microglial cells augment the immune response by altering the metalloproteinases that are produced, and these contribute to alterations of TNF-a levels. One mechanism highlighted by this study is that TNF-a is secreted by microglia upon activation not through upregulation of ADAM17 (TACE) expression, but through increase of TNF-a transcripts, elevation of BB94-and TIMP3-inhibitable metalloproteinase activity, and by downregulation of TIMP3 mRNA levels. Our results highlight the possibility that metalloproteinase inhibitors have the potential as therapeutics to decrease microglial inflammation and its consequences within the nervous system.
